Abstract-This paper presents a passive hand orthosis, called EXTEND, that can be used during activities of daily living. In the design a negative stiffness spring mechanism is incorporated to overcome the high finger joint stiffness of stroke patients with hypertonia. The passive mechanism can be easily tuned by the user to compensate a linear joint stiffness of 0.15 to 0.33 Nm/rad for each finger independently. A prototype was tested with four patients showing an increased functional ability of the hand during several tasks. With the orthosis, patients were better able to pick up mid-sized objects (5-7.5cm diameter) of different shapes.
exoskeletons that can assist users with hand opening during ADL. However, passive and simple devices often lead to higher user acceptance rates as these are easier to design, control and maintain [13] .
We aim to increase the hand function of stroke survivors with hypertonia through a passive hand orthosis. The design and testing of this new orthosis called EXTEND is discussed in this paper.
II. BACKGROUND

A. Joint Stiffness
The human finger has three joints: the metacarpophalangeal (MCP) joint, proximal interphalangeal (PIP) joint and distal interphalangeal (DIP) joint. Agonistic and antagonistic muscles control the rotations of these joints. A resistance to elongation is present, referred to as 'muscle tone'. Many stroke patients have increased muscle tone, called hypertonia [14] . Hypertonia results in an increased resistance against movement. Spasticity is a velocity-dependent increase in resistance. Hypertonia is not dependent on velocity and can be present with or without spasticity.
The muscle tone leads to passive joint stiffness, defined as the rotational stiffness that expresses the ratio of the moment to the rotation angle. Kamper et al. investigated the mechanical resistance to rotation of the MCP joint in stroke patients [15] , [16] . They found that the torque required to extend hypertonic MCP joint is nearly linear with respect to the joint angle, thus showing an almost constant rotational stiffness. Brokaw et al. found a similar, approximately linear, relationship between the MCP torque and joint angle [17] . Finger joint stiffness values found in these studies varied between approximately 0.45 and 0.60 Nm/rad.
B. State of the Art
Several passive devices use parallel springs on the dorsal side of the hand to assist hand opening by pulling on the fingers. These parallel springs cause a shift of the neutral point, i.e. the amount of hand opening in rest, but decrease the range of motion. Examples are the SaeboFlex [18] , SaeboGlove (Saebo Inc; Charlotte, North Carolina) and SCRIPT [19] .
The Arm Assist hand module [20] applies a near-constant opening force by elastic cords and a variable spring moment arm. Thus, the neutral point is shifted while the range of motion is preserved. All fingers are moved simultaneously.
The HandSOME [17] has a similar design. Its four-bar mechanism is mounted on the dorsal side of the hand and can follow the trajectory of the fingers. With this device only gross movements are possible. The finger joints are not properly aligned with the rotational axes of the mechanism. Also, accounting for different levels of hypertonia throughout the day is not straightforward since only a discrete number of spring attachment points can be selected.
III. DESIGN APPROACH
A. Extension Assistance
In patients with moderate to severe joint stiffness the intrinsic flexion moment (resistance against extension) increases excessively with finger extension. This has a negative impact on the range of motion, which is bounded by the maximum voluntary flexion and extension moments. An example moment-angle profile of this intrinsic stiffness is plotted in Fig. 1 . Fig. 1A shows the situation when parallel springs are used to compensate for the intrinsic stiffness of the finger joints. Parallel springs (orange) add an increasing moment with flexion. The resulting moment-angle graph (yellow) has a larger positive slope than the intrinsic curve. This shifts and limits the range of motion.
Ideally, the added extension moment should exactly compensate the joint rotational stiffness. This requires a spring mechanism with negative stiffness. Negative stiffness springs have been used before in other applications to achieve an assistive moment. Early examples include a compensation of cosmetic glove stiffness for prosthetics and a flexible robot arm [21] - [23] . The Laevo exoskeleton applies a negative hip moment to compensate gravity torque during trunk flexion (Laevo B.V.; Delft, The Netherlands).
In our design we also applied a negative stiffness spring mechanism to increase the range of motion of the fingers. The effect can be seen in Fig. 1B . The patient can now easily move his or her fingers through the entire range of 
B. Implementation of spring-to-spring balancing
A basic spring-to-spring balancer is shown in Fig. 2 using zero-free-length springs. These springs have a force proportional to their length and are perfectly balanced if:
Where k h is the human finger joint stiffness, k s is the stiffness of the extension spring, r is the length of the lever, and a h and a s are the distances of the pivot of the lever to the spring fixation points [24] .
This principle is applied in the joint stiffness compensation mechanism of the hand orthosis (Fig. 3A) . A torsion spring represents the human finger joint stiffness with stiffness k h . The energy stored in a normal extension spring controls the amount of finger extension to cancel out the finger joint stiffness. The free length of this spring is stored behind a pulley to obtain a zero-free-length spring [24] . The extension spring applies a zero moment when the lever arm is in horizontal position. This corresponds to maximum finger joint flexion. When the finger extends the lever arm will rotate clockwise. Therefore the moment arm of the extension spring and thus the resulting extension moment increases, see also Fig. 3B ). 
C. Tuning the Assistance Profile
Individual finger joint stiffness compensation adjustment allows the user to control the amount of extension assistance per finger. Increasing a s by a distance Δx increases the finger joint stiffness (k h ) that can be compensated.
The neutral (or zero-force) angle is the point where the moment due to joint stiffness is zero. Since the hypertonia causes the hand to be closed at rest, the neutral angle coincides with the closed hand configuration, which is maximum flexion. Changing cable length (l h ), see Fig. 3B , allows adjustment of this point per finger.
IV. PROTOTYPE DESIGN
The new device compensates the effects of flexor hypertonia to increase the functional ability of users. In Fig. 4 the EXTEND prototype is shown.
A lever arm (1) connects the finger cap (2) to a cable. The cable of each finger is guided to the stiffness compensation mechanism (3) placed above the arm cuff. The second lever arm (4) connects the cable to the negative stiffness spring. The wrist is fixed in a position that is comfortable for the patient. Bowden cables (5) transmit the forces from the mechanism to the fingers. In the prototype two fingers and the thumb are assisted and can be moved independently. The amount of assistance for each finger can be controlled by rotating a knob that (6) can be easily reached by the unaffected hand.
An extension spring with a stiffness of k s = 0.66 N/mm is chosen. The value of a s can be manually adjusted from a h to a h +35mm. Length a h is set to 28 mm. This will result in an effective spring stiffness range of:
The lever arm above the MCP joint guides the cable along a radius (r mcp ) of 15 mm, resuling in a cable travel (dx) of 15 mm/rad. As a result the forces in the cable (F cable = k h dx) vary from 9.9 to 22.2 N/rad in the minimum resp. maximum compensation setting.
A constant moment is applied to the lever arm:
The selected extension spring (k s = 0.66 N/mm) can thus provide compensation of finger joint stiffnesses ranging between 0.15 to 0.33 Nm/rad. Fig. 5 shows the resulting torque-angle profile when a joint stiffness of 0.5 Nm/rad is compensated with the EXTEND orthosis. Assumed is a full range of motion from 0 to 90 degrees. From this figure it becomes clear that the new mechanism is able to reduce the required flexion torque to less than 0.2 Nm at maximum finger extension.
V. TESTING
The functionality and usability of the prototype was tested with four patients suffering from hypertonia of the finger flexors. The purpose of the experiment was to compare the differences in hand functionality with and without the developed orthosis.
To determine how the orthosis can improve ADL tasks, several items of validated clinical ability tests that measure performance (time) and capacity (how well a task can be executed) are performed with and without orthosis and the differences are recorded. The Jebsen Taylor Hand Function Test (JTHFT) measures both time and quality of ADL tasks [25] . The test consists of 7 tasks, ranging from picking up small objects to moving empty and weighted large cans. The Action Research Arm Test (ARAT) focuses more on manual dexterity [26] . The arm function was not taken into account. Therefore subjects were instructed to support their affected arm with their unaffected hand during the tests.
Usability of the system was captured with an interview after the testing.
A. Patient Recruitment
Four stroke patients were recruited from the Roessingh Rehabilitation Center (Enschede, NL). Their characteristics can be found in Table I The patients were not limited in passive finger extension, but active extension was reduced due to hypertonia of the flexor muscles. They all had a closed hand in rest (Fig. 6) . Patients with moderate to severe signs of spasticity in the fingers were excluded from the study. This was manually tested by passively extending the fingers of the patients and measuring the resistance at different speeds. All subjects gave their informed consent prior to the study.
VI. RESULTS
Changes in functionality with and without orthosis were compared by performing several tasks of the ARAT and JTHFT. Also a short interview at the end of the test was conducted to obtain information about the usability of the design.
A. ARAT
Small improvements of hand functionality were seen with orthosis. Due to the limited arm function and almost absent finger movements without orthosis, adding the orthosis would increase the scores of (some of) the ARAT items from Table II the complete scores of all subjects can be found.
For subject S2 we saw a shift from the ability to pick up small items without orthosis to the ability to pick up large items. Subject S3 was unable to complete the test with orthosis.
In Fig. 7 the differences between picking up objects without (A) and with (B) orthosis can be seen for subject S1. These items of the ARAT are wooden blocks with a size of 7.5 (1) and 5 cm (2). The bottom image (3) shows a wooden ball. The orthosis did not improve the grasping of small objects (<5 cm) due to the lack of friction of the finger caps. This particular subject showed slight thumb extension with only the index and middle finger connected to the system. Since the finger cap degraded the functional capabilities of the thumb, it was decided to remove the thumb cap for this patient.
B. JTHFT
Small improvements were seen during the JTHFT as well. For a complete overview of the results, see Table II . For the JTHFT the maximum task time of 120 sec. was in most cases not enough to successfully complete the task. However, for most tasks the number of objects that could be grasped improved with orthosis. In Fig. 8 two items of the test are shown without (A) and with (B) orthosis for subject S1. The tasks are Picking up small objects (1) and Picking up weighted cans (2). Without orthosis this patient was not able to extend his index and middle finger to grasp the objects. With orthosis the patient was able to pick up the bottle cap and weighted can. The scores do not completely reflect the improvement. Subject S1 for example turned 5 instead of 3 cards. Also, he was able to pick up 5 small common objects instead of 0, and picked up 4 weighted cans with the orthosis. Subject S2 had some issues picking up small objects due to lack of grip of the finger caps. This heavily affected the scores of this test. Subject S3 was too tired to successfully complete the JTHFT. Subject S4 who had a relatively good hand function, did not experience much hinder of the orthosis during execution of the test items.
C. Usability
Regarding usability of the system, subjects valued the adjustability of the amount of assistance, independent movement of fingers and nice distribution of force during motion. Also, they thought the system was easy to understand. Three subjects noticed that the finger caps reduce touch sensation of fingertips during object manipulation. This makes it difficult to grasp small objects. Two subjects indicated they would like to control all five fingers, instead of three fingers if grip issues with the finger caps are solved.
One subject did not use the negative stiffness mechanism to actively move the thumb. However when moving his other finger, spontaneous movement of the thumb was seen. The hand-mounted parts together weigh 110g. which was considered light enough for daily use. However, the arm cuff including three finger stiffness compensation mechanisms weighs 490g. which is regarded too heavy by three patients. All subjects were positive about the device and would like to use the orthosis in a home setting when the most important disadvantages (size, weight, lack of touch sensation) are removed.
VII. CONCLUSIONS AND DISCUSSION
The developed orthosis for ADL contains a negative stiffness spring system to compensate the increased finger stiffness of stroke patients. The presented design supports the affected hand during bimanual tasks. These are primarily stabilizing tasks such as pouring liquids into a glass, and holding small and large objects of different shapes. The passive mechanism can be tuned by the user to compensate joint stiffness in the range of 0.15 to 0.33 Nm/rad. This is considered sufficient to drastically decrease the amount of muscle force needed to move the hand. In a next iteration of the design the amount of joint stiffness that can be compensated should be increased.
Experimental results from functional tests such as the ARAT and JTHFT showed in some cases improvements in hand function. Although the improvements reflected by the ARAT and JTHFT scores may not seem large, for the patient they mean a difference from complete dependence to be able to live a more independent life. The small or absent increases in hand function were mainly attributed to the slippery and bulky finger caps which is considered a major improvement point. Also, the use of different caps with increased friction and soft interface can increase touch sensation and improve donning.
The mechanism is moved away from the hand towards the forearm to lower the weight that is applied to the hand. However, the weight and size of the arm-mounted part were still considered to be too high. Due to limited arm function, the subjects were not able to lift their affected arm without help of their unaffected hand. Adding a relatively large weight of 600gr. further enhances this effect. A new design should have a reduced weight of maximum 300gr.
The moment applied by the mechanism to the MCP joint was assumed linear. However, due to geometric constraints, the link that attaches the cable to the fingertip is mounted above the MCP joint rotation axis. The moment arm is therefore not constant, limiting the linearity of the system. Since reference data of finger joint stiffness of stroke patients with hypertonia was not readily available, further research will include measurements of the torque required to passively extend the finger. With this information the assumption of a linear joint stiffness can be verified. Also, the stiffness properties of the thumb will be investigated, since no reference data could be found in literature.
Future research will furthermore involve measurements of the grip force and ROM data from the unsupported hand, the hand with negative stiffness mechanism, and the hand with a conventional orthosis containing parallel springs to allow for a direct comparison between these situations.
The principle of negative stiffness compensation as displayed in this research has the potential to be used in passive devices but also in actively controlled hand exoskeletons. Since already a large portion of the desired torque will be provided by the passive spring system, the required output force of the motor can be lowered. These relatively lightweight and small motors can now take over the fine adjustment, accounting for varying finger joint stiffness throughout the day. The next generation of mechatronic hand systems can have added functionality without the need for high-torque motors to compensate the hypertonia of the patient.
